Abstract. The inhibin-α gene was identified as a tumor suppressor gene in the gonads and adrenal glands by functional studies using knockout mice. Methylation of CpG sites within the regulatory regions of tumor suppressor gene is frequently associated with their transcriptional silencing. We investigated epigenetic modifications, changes in loss of heterozygosity (LOH), and mutation of the inhibin-α gene, and regulation of transcriptional expression in response to inhibitors of DNA methylation (5-aza-2'-deoxycytidine, 5-AzaC) in human lymphoid (Jurkat, Molt-4, Raji, and IM-9) and myeloid (HL-60, Kasumi-1, and K562) leukemia cells. The inhibin-α promoter was hypermethylated in lymphoid (Molt-4 and Raji) and myeloid (HL-60 and Kasumi-1) leukemia cells. Inhibin-α gene mutations differed significantly between lymphoid (heterozygote) and myeloid (homozygote) leukemia cells. LOH in the inhibin-α gene was detected in lymphoid and myeloid leukemia cells, with the exception of Jurkat cells. Treatment with 5-AzaC, a demethylating agent, resulted in increased inhibin-α mRNA and protein levels in most of the cell lines. Also, 5-AzaC treatment inhibited cell proliferation and induced apoptosis. Taken together, our results reveal that the inhibin-α gene is transcriptionally silenced in human leukemia cells and that reactivation is suppressed by a demethylating agent. In addition, mutations in, and expression levels of, the inhibin-α gene differed between human lymphoid and myeloid leukemia cells.
Introduction
Methylation of islands has been shown to inhibit transcription directly or stabilize chromatin in a conformation that prevents transcription (1) . Hypermethylation of CpG islands is an important epigenetic mechanism for silencing the transcription of many genes (2) . DNA methylation inhibits gene transcription by affecting the chromatin structure, in particular via the protein complexes comprising methyl-binding domains, transcriptional corepressors, and histone deacetylase in hypermethylated regions of DNA (3) (4) (5) . In hematopoietic development, this was first demonstrated for erythropoiesis, and later also for lymphoid and myeloid differentiation (6) (7) (8) (9) . Aberrant methylation of tumor-suppressor and growth-regulatory genes has been reported as the most frequent alteration in both hematologic neoplasms and solid tumors (10) . Promoter methylation is an increasingly recognized mechanism of transcriptional silencing in human cancer. Downregulated expression of target genes results from single transitional changes in these important regulatory sequences. It has been demonstrated that promoter methylation can be induced by viral agents or by recruitment of the methyl-transferase enzymatic machinery (11, 12) .
Inhibins and activins, members of the transforming growth factor-β (TGF-β) superfamily, are polypeptides that were originally isolated from ovarian fluid, based on their effect on pituitary follicle-stimulating hormone (FSH) production and secretion. Inhibins are heterodimers that are composed of a common α subunit and one of two homologous β subunits (βA and βB) (13, 14) . More recently, both inhibins and activins have been implicated in endocrine-related cancers (15) . The inhibin-α gene was identified as a tumor suppressor gene in the gonads and adrenal glands by functional studies using knockout mice (16, 17) . This has raised the question of whether it plays a broader role as a tumor suppressor outside the reproductive axis. Furthermore, hypermethylation of the inhibin-α gene promoter and loss of heterozygosity (LOH) at 2q32-36, the chromosome region harboring the inhibin-α gene, has been reported in prostate carcinoma and gastric cancer (18, 19) . Moreover, there was a positive correlation between loss of inhibin expression and malignancy of these human prostate carcinoma cells (20) . Hypermethylation of the inhibin-α promoter and LOH are frequently associated with silencing or loss of expression of tumor suppressor genes, and the effects of deletions involving the 2q33-36 regions in human leukemia cells are unclear. Recently many studies have been made regu-lating promoter methylation which is a useful biomarker for the diagnosis of cancer patients (21, 22) .
We investigated the epigenetic modifications, changes in LOH and mutations of the inhibin-α gene, and regulation of transcriptional expression by inhibitors of DNA methylation (5-aza-2'-deoxycytidine, 5-AzaC) in human lymphoid and myeloid leukemia cells.
Materials and methods
Cell culture. Lymphoid (Jurkat, Molt-4, IM-9, and Raji) and myeloid (HL-60, Kasumi-1, and K562) human leukemia cell lines were purchased from the American Tissue Culture Collection (ATCC, Rockville, MD, USA). Cells were cultured in RPMI-1640 medium (Gibco, Grand Island, NY, USA) containing 10% fetal bovine serum (FBS), 100 U/ml penicillin and 100 µg/ml streptomycin at 37˚C in a humidified atmosphere of 5% CO 2 in 95% air.
Bisulfite modification. The methylation status of the promoter CpG islands of the inhibin-α subunit gene was analyzed by methylation specific PCR (MSP) using sodium-bisulfiteconverted DNA (23) . Genomic DNA was extracted using the Wizard Genomic DNA purification kit (Promega, Madison, WI, USA). DNA (2 µg) in a volume of a 50 µl was denatured with NaOH (final concentration, 0.2 M) and incubated at 37˚C for 15 min. Then, 30 µl of 10 mM hydroquinone and 520 µl of 3 M sodium bisulfite (Sigma-Aldrich, St. Louis, MO, USA) at pH 5.0, both freshly prepared, were added and mixed, and samples were incubated under mineral oil at 55˚C for 16 h. DNA was then desalted using the Wizard DNA Clean-Up System (Promega), desulfonated by addition of NaOH (final concentration, 0.3 M), and incubated at 37˚C for 15 min. The solution was neutralized by addition of ammonium acetate (final concentration, 3.0 M), and the DNA was ethanolprecipitated, dried, re-suspended in 20 µl of water and used immediately or stored at -20˚C.
Determination of methylation status. Methylation was assessed by PCR and sequence analysis of bisulfite-treated DNA. The bisulfite reaction converted unmethylated cytosines to uracils, whereas methylated cytosines were unchanged. The inhibin-α subunit 5'-UTR region was amplified by nested PCR using primers for the bisulfite-converted sequence (18) . Primers 1 (5'-GATAAGAGTTTAGATTGGTTTTATTGGTT-3') and 2 (5'-ACACCATAACTCACCTAACCCTACTAATAA-3') were used for the first round of PCR, and primers 3 (5'-ACC CCTTCTACCAAAATCTACCCAAAA-3') and 4 (5'-GAAG GTGTTGTATGTTTGTATGTGTGAGTT-3') were used for the second round. The first round of PCR was performed in 25 µl reactions with 2 µl of bisulfite-converted DNA, 1X PCR buffer [10 mM Tris (pH 8.3), 50 mM KCl, 1.5 mM MgCl 2 ], 200 µM dNTPs, 10 pmol of primers 1 and 2, and 1 U AmpliTaq Gold DNA polymerase (Roche, Applied Biosystems, Foster City, CA, USA). PCR cycles consisted of 95˚C for 15 min, followed by 5 cycles of 95˚C for 1 min, 50˚C for 2 min, and 72˚C for 3 min, and then 30 cycles of 95˚C for 1 min, 55˚C for 2 min, and 72˚C for 2 min, with a final incubation step of 72˚C for 10 min. A sample of 2 µl from the first PCR was amplified in a 25-µl reaction as above, except that primers 3 and 4 were used. PCR cycling conditions were as for the first reaction, with the exception that the annealing temperature was increased to 60˚C. PCR products were gel-purified, ligated into the pCR 2.1 vector, and cloned using the TOPO TA Cloning kit according to the manufacturer's instructions (Invitrogen, Carlsbad, CA, USA). For each PCR, 10 clones were sequenced and methylation at each of the seven CpG sites was determined. Overall percentage methylation of each sample was determined as the mean of the percentage methylation at the seven individual CpG sites.
DNA analysis. DNA was isolated from cultured cells using standard methods. Two regions of the inhibin-α subunit gene were amplified from genomic DNA by PCR using specific oligonucleotide primers (24) . The first 240-bp region (fragment A), which includes 140 bp of the 5'-UTR and 100 bp of exon 1, was amplified using the primers AF (5'-GACTGGGGA AGACTGGATGA-3') and AR (5'-TCACCTTGGCCAG AACAAGT-3'). The second 396-bp region (fragment B), which comprises part of exon 2, was amplified using the primers BF (AGCAGCCTCCAATAGCTCTG-3') and BR (5'-AGCTCCT GGAAGGAGATGTTC-3'). Genomic DNA (200 ng) was amplified in a 50-µl volume reaction containing 1X PCR buffer, 2 mM MgCl 2 , 2.5% DMSO, 0.2 mM dNTP, 20 pmol of each specific primer and 1.5 U AmpliTaq Gold DNA polymerase. The amplification conditions were as follows: 35 cycles comprising an initial denaturation at 95˚C for 14 min, then denaturation at 95˚C for 40 sec, annealing at 57˚C for 30 sec, and extension at 72˚C for 1 min, followed by a final extension at 72˚C for 7 min. Polymorphism -16C>T in 5'-UTR was screened in the samples by restriction enzyme analysis using SpeI (New England Biolabs, Ipswich, MA, USA). Briefly, fragment A was amplified by PCR and 5 µl of purified PCR product was digested overnight at 37˚C with 5 U of SpeI, electrophoresed in 8% polyacrylamide gels, stained with ethidium bromide and photographed. The presence of the 240-bp fragment indicated a variant homozygous for C, whereas the presence of two fragments of 120 bp corresponded to a variant homozygous for T. Substitution 769G>A of exon 2 was analyzed by digestion of fragment B with appropriate restriction enzymes. Five microliters of purified PCR product was digested overnight at 37˚C with 5 U of BsrFI and analyzed as described above. The restriction site, which renders two fragments of 340 and 56 bp, is abolished in the mutated allele. In addition, 5 µl of purified PCR product was digested overnight at 37˚C with 5 U of Fnu4HI, electrophoresed in 15% polyacrylamide gels, stained with ethidium bromide and visualized by image analysis. The 396-bp fragment yields four fragments of 153, 107, 51 and 25 bp, among others of lower molecular weight, in the wild-type allele, whereas the allele with substitution 769G>A yields four fragments of 153, 107, 76, and 51 bp, among others of lower molecular weight.
LOH analysis. LOH was determined using microsatellite markers on 2q32-q33 (D2S389) and 2q33-q36 (D2S128), as described previously (18) . The primers used were D2S389 (5'-TAAAGCCTAGTGGAAGATCATC-3', 5'-GCTGAGTT AACAGTTATCAACAATT-3') and D2S128 (5'-AAACTGAG ATTTGTCTAAGGGG-3', 5'-AGCCAGGAATTTTTGCT ATT-3'). PCR was performed in 20 µl reactions consisting of 200 ng of DNA, 1X PCR buffer, 0.2 mM dNTPs, 10 pmol of each primer, and 1 U AmpliTaq Gold DNA polymerase. The amplification conditions were as follows: 35 cycles of an initial denaturation at 95˚C for 14 min, a second denaturation at 95˚C for 1 min, annealing at 55˚C for 1 min, and extension at 72˚C for 1 min, followed by a final extension at 72˚C for 10 min. Then, 10 µl of PCR products was mixed with 10 µl of stop solution containing 95% formamide, 10 mM NaOH, 0.25% bromophenol blue, and 0.25% xylene cyanol FF. The mixture was denatured at 95˚C for 5 min, placed on ice for 5 min, electrophoresed in 12% polyacrylamide gels containing 10% glycerol with 1X TBE buffer, and stained with ethidium bromide.
5-Aza-2'-deoxycytidine treatment.
Cells were seeded at a density of 5x10 5 /100 mm dish, allowed to attach for 24 h and then treated with various concentration of 5-aza-2'-deoxycytidine (5-AzaC, Sigma) for 5 days. The medium and drug were replaced every 2 days. At the end of the treatment period, the medium was removed and the cell pellets were used for analysis.
RNA extraction and real-time PCR.
Total RNA was extracted from cultured cells using the TRIzol Reagent kit following the manufacturer's protocol (Invitrogen). First-strand cDNA was synthesized from 1 µg of DNase-treated RNA using a reverse transcription system (Promega) according to the manufacturer's protocol with random hexamers. PCR was performed with 2 µl cDNA in a 25-µl reaction mixture of 1X PCR buffer, 0.2 mM of each dNTP, 10 pmol of primers for inhibin-α (5'-AGGAAGAGGAGGATGTCTCC-3' and 5'-GAGTAACCTCCATCCCGAGGT-3'; 823 bp), betaglycan (5'-ACATGGATAAGAAGCGATTCAGC-3' and 5'-AAC GCAATGCCCATCACGGTTAG-3', 331 bp), and β-actin (5'-CTTCTACAATGAGCTGCGTG-3' and 5'-TCATGAG GTAGTCAGTCAGG-3'; 305 bp), and 1 U AmpliTaq Gold DNA polymerase. The reactions were carried out in a thermal cycler with an initial denaturation step at 95˚C for 14 min, followed by 35 cycles (25 cycle for β-actin) of denaturation at 95˚C for 1 min, primer annealing at 50˚C (inhibin-α) to 55˚C (β-actin) for 1 min, and a final extension at 72˚C for 1 min. The reaction was terminated at 72˚C for 10 min; samples were stored at 4˚C. Ten microliters of PCR products were separated by electrophoresis in a 2% agarose gel containing ethidium bromide (0.5 µg/ml) and visualized by image analysis (Gel Doc 1000 Gel Documentation System; Bio-Rad, Hercules, CA, USA). Real-time PCR was performed on a StepOnePlus Real-Time PCR System with Power SYBR Green PCR Master Mix (Applied Biosystems). The gene-specific primer sequences were: inhibin-α, 5'-CTCGGATGGAGGTTACTCTTTCAA-3' and 5'-GAAGACCCCCCACCCTTAGA-3' (88 bp); betaglycan, 5'-CAAAGCAGCAGAAGGGTGTGT-3' and 5'-GGTGATTA GCTCGATGATGTGTACTT-3' (73 bp); and β-actin, 5'-GCG AGAAGATGACCCAGATC-3' and 5'-GGATAGCACAGCCT GGATAG-3' (77 bp). PCR was performed with 1 µl of cDNA in a 20-µl reaction mixture containing 10 µl of Power SYBR Green PCR Master Mix, 2 µl of primers, and 7 µl of PCR-grade water. The reaction conditions were denaturation at 95˚C for 10 min, followed by 40 cycles of 95˚C for 15 sec and 60˚C for 1 min. The crossing points of the target genes with β-actin were calculated using the formula 2 -(target gene-β-actin)
, and relative amounts were quantified.
FITC-flow cytometric analysis of inhibin-α protein.
Cultured cells were detached with 0.05% trypsin-EDTA solution. After washing with cold PBS, cells were incubated with a 1:50 dilution of anti-inhibin-α goat polyclonal antibody (Santa Cruz Biotechnology, Santa Cruz, CA, USA) or normal goat serum as a negative control for 30 min at 4˚C. After washing three times with cold PBS, cells were stained with a fluorescein isothiocyanate (FITC)-labeled donkey antibody (1:50 dilution) to rabbit immunoglobulin for 30 min at 4˚C. Washing was repeated in the same manner and cell-surface immunofluorescence was analyzed using a FACSCalibur instrument together with CellQuest software (Becton-Dickinson, San Jose, CA, USA).
Determination of cell doubling time. Cells were treated with 5 µM 5-AzaC for 5 days and washed with PBS. Cells were seeded at 2x10 4 /ml in 12-well plates containing culture medium, and cell number/dish was determined by trypan blue assay daily for 5 consecutive days. Untreated cells were analyzed under similar conditions as a control. The average cell number from two plates was determined, and the mean cell numbers were plotted to calculate the doubling times. The cell population doubling time was calibrated using the Kuchler formula (25) .
Cell cycle analysis. Cells (5x10 5 ) were treated with 5 µM 5-AzaC for 5 days. At the end of the treatment period, cells were harvested, washed with PBS, fixed with 70% ethanol for 1 h, treated with RNAsin (20 µg/ml) at 37˚C for 1 h, and stained with propidium iodide (50 µg/ml; Sigma). DNA content at each cell cycle stage was analyzed using a FACSCalibur instrument together with CellQuest software (Becton-Dickinson).
Statistical analysis.
Values are expressed as means ± SD. Student's t-test was used to evaluate differences among the samples. Statistical analyses were performed using Graph Pad Prism 5 software (GraphPad Software Inc., San Diego, CA, USA). 
Results

Methylation status of the inhibin-α gene promoter in human leukemia cells.
Methylation at the seven CpG sites, in the 135 bp region from -149 to -284 of the ATG site in the human inhibin-α gene promoter, was investigated by bisulfite genomic sequencing (Fig. 1A) . Molt-4, Raji, HL-60, and Kasumi-1 cells showed marked hypermethylation of the inhibin-α subunit gene promoter; in contrast, Jurkat cells exhibited hypomethylation. This region was almost unmethylated in IM-9 and K562 cells (Fig. 1B) .
Mutations of the inhibin-α gene in human leukemia cells.
A mutation study of the inhibin-α gene in human leukemia cells was carried out. The PCR product (fragment A) including nucleotide -16 was digested with SpeI ( Fig. 2A) . Polymorphisms were identified within the 5'-UTR and exon 1 and used to divide the cell lines into the following two groups: i) CC genotype (Molt-4, Raji, and HL-60 cells) and ii) CT genotype (Jurkat and IM-9 cells) + TT genotype (Kasumi-1 and K562 cells). Interestingly, inhibin-α gene mutation patterns differed between lymphoid leukemia cells (CT, heterozygote) and myeloid leukemia cells (TT, homozygote). Substitution 769G>A of exon 2 in human leukemia cells was analyzed by restriction enzyme digestion. A PCR product comprising nucleotide 769, fragment B, was digested with BsrFI ( Fig. 2B) and/or Fnu4HI (Fig. 2C) . The single base change at 769G>A of exon 2 was not found in the seven human leukemia cell lines.
LOH at 2q in human leukemia cells. LOH was determined by PCR of genomic DNA. Analysis of the 2q chromosome arm revealed that LOH with at least one microsatellite marker occurred at 2q32-36 in Jurkat, Molt-4, Raji, IM-9, HL-60, Kasumi-1, and K562 cells (Fig. 2D) . LOH at 2q32-33 was observed in human lymphoid (Molt-4, Raji, IM-9) and myeloid (K562) leukemia cells. LOH at 2q33-36 was observed in human myeloid (HL-60, Kasumi-1 and K562) leukemia cells, but not in human lymphoid leukemia cells. However, K562 cells exhibited LOH at both 2q32-33 and 2q33-36.
Effect of 5-AzaC treatment on inhibin-α and betaglycan mRNA levels in human leukemia cells.
Basal expression of inhibin-α mRNA was not detected in human leukemia cells, whereas betaglycan mRNA was expressed in the majority of cells (Fig. 3A) . To evaluate the role of methylation in the inactivation of the inhibin-α gene promoter in human leukemia cells, a DNA methyltransferase inhibitor, 5-AzaC, was used. Human leukemia cells were treated with 2 and 5 µM 5-AzaC, and inhibin-α and betaglycan mRNA levels were measured by real-time PCR (Fig. 3B) . 5-AzaC treatment resulted in increased inhibin-α and betaglycan mRNA levels in all seven human leukemia cell lines. The magnitude of the increase in inhibin-α and betaglycan mRNA levels caused by 5-AzaC treatment was greater in lymphoid than in myeloid leukemia cells.
Effect of 5-AzaC treatment on inhibin-α protein levels in human leukemia cells.
Human leukemia cells were treated with 5 µM 5-AzaC, and inhibin-α subunit protein levels were measured by flow cytometry and FITC staining (Fig. 4) . Treatment with 5-AzaC resulted in 11.3-32.3-and 14.0-27.2-fold increases in inhibin-α protein levels in human lymphoid and myeloid leukemia cells. Fluorescence intensities after 5-AzaC treatment were higher in human lymphoid compared to myeloid leukemia cells.
Effect of 5-AzaC on the growth and doubling time of human leukemia cells.
Cells exposed to 0.5, 2, and 5 µM 5-AzaC exhibited significant growth inhibition in a dose-dependent manner, and the population doubling time of human leukemia cells was increased by 1.3-2.6-fold (Table I ). . PCR products were incubated overnight with (+E) and without (-E) restriction enzyme, separated in 8 and 15% polyacrylamide gels, stained with ethidium bromide and photographed. LOH analysis of 2q in human leukemia cells. Genomic DNA was amplified by PCR for analysis of the 2q chromosomal region. PCR products were resolved in 12% polyacrylamide gels, stained with ethidium bromide and photographed. (D) 2q32-33 and 2q33-36. LOH was considered in the presence of a 50% decrease in band intensity. NI, not informative; LOH, loss of heterozygosity; AI, allelic imbalance. Table I . Suppression by 5-AzaC of the growth of human leukemia cells. /100 mm dish) were treated with 5-AzaC (0, 0.5, 2.0 and 5.0 µM) for 5 days. Viable cells were enumerated by trypan blue assay. At the end of the treatment period, the cells were seeded in 12-well plates at 5x10 4 /ml. Cell number/plate was determined by trypan blue assay daily for 5 consecutive days. Untreated cells were analyzed under similar conditions as a control. The average cell number from two plates was determined, and the mean cell numbers were plotted to calculatethe cell population doubling times. 
Effect of 5-AzaC on the cell cycle in human leukemia cells.
The cell cycle profiles of human leukemia cells treated with 5 µM 5-AzaC were analyzed by flow cytometry (Fig. 5) . The results suggested changes in the cell cycle and induction of apoptosis in 5-AzaC-treated cells. Treatment of Jurkat, Molt-4, Raji, IM-9, HL-60, Kasumi-1, and K562 cells with 5-AzaC resulted in a 1.7-36.2-fold increase in the proportion of apoptotic cells. Interestingly, human lymphoid leukemia cells exhibited a greater increase in the proportion of apoptotic cells than myeloid leukemia cells after treatment with 5-AzaC.
Discussion
Methylation of CpG sites within the regulatory regions of tumor-suppressor genes is a common aberration in human cancers that is frequently associated with gene silencing. In this study, the degree of methylation varied among the seven CpG sites in the inhibin-α gene promoter in four human lymphoid, and three human myeloid leukemia cells. Seven CpG sites were significantly hypermethylated in human lymphoid (Molt-4 and Raji) leukemia cells and human myeloid (HL-60 and Kasumi-1) leukemia cells, while lymphoid (Jurkat) leukemia cells exhibited hypomethylation. In contrast, this region was not methylated in lymphoid (IM-9) or myeloid (K562) leukemia cells. The inhibin-α subunit PC3 prostate cancer cell lines. The methylation pattern ranges from dense to sparse methylation, with CpG sites 0-3 being undermethylated in the DU145 and PC3 cell lines compared to the LNCaP cells (20) . Our findings suggested that the methylation pattern at CpG sites did not differ significantly between human lymphoid and myeloid leukemia cells. Germline cells of chronic lymphocytic leukemia (CLL) patients with allele-specific expression (ASE) showed increased levels of DNA methylation in the promoter region (26) .
Transcriptional silencing of tumor-suppressor genes can be caused by mutations. Two polymorphic sites were identified: -16>T in the 5-UTR and 769G>A in exon 2. Mutation at the -16-bp site of the 5'-UTR was heterozygotic in lymphoid (Jurkat and IM-9) cells and homozygotic in myeloid (K562) cells. The -16-bp mutation in the 5'-UTR differed significantly between human lymphoid and myeloid leukemia cells, suggesting that human leukemia cells may be affected by the -16>T allele variant and supporting the concept that the 5'-UTR allele variant. In this study, Molt-4, Raji, IM-9, HL-60, and Kasumi-1 cells showed LOH at chromosome 2q32-36, but Jurkat cells did not. In contrast, K562 cells exhibited LOH at both 2q32-36 and 2q33-36. Changes at chromosome 2q occur in prostate carcinoma and pediatric adrenocortical tumors (27) (28) (29) . In bladder carcinoma and head-and-neck squamous cell carcinoma (30,31), 2q deletion is correlated with advanced disease and a poor prognosis. Taken together, our results suggest that low expression of the inhibin-α subunit gene is related to hypermethylation, mutation and LOH.
Induction of inhibin-α subunit mRNA expression in the human gastric cancer cell lines by treatment with 5-AzaC demonstrates the presence of all necessary transcription factors (19) . In the human leukemia cell lines analyzed in this study, expression of inhibin-α subunit mRNA after 5-AzaC treatment was not correlated with methylation status. In prostate cancer cell lines, expression of inhibin-α subunit mRNA was correlated with methylation status after treatment with 5-AzaC and trichostatin A (TSA). A reciprocal relationship between the degree of methylation and re-expression of inhibin-α subunit was evident after treatment with 5-AzaC. PC3 cells, which exhibited the lowest degree of methylation, were easily demethylated and expressed high levels of inhibin-α subunit mRNA; in contrast, LNCaP cells, which were the most highly methylated, showed lower expression of inhibin-α subunit mRNA (20) . These results suggest that the expression level is not dependent on the degree of methylation within the promoter region.
The pattern of methylation of the inhibin-α gene reflected the level of the encoded protein in human leukemia cells. Immunostaining of 5-AzaC-treated-cells was performed to evaluate inhibin-α protein levels. Human myeloid leukemia (HL-60 and Kasumi-1) cells treated with 5-AzaC showed lower inhibin-α protein levels than the other cell lines. Interestingly, the increase in inhibin-α protein levels was greater in human lymphoid than in myeloid leukemia cells. However, the Figure 5 . Effects of 5-AzaC on the cell cycle profiles of human leukemia cells. Cells were exposed to 5 µM 5-AzaC for 5 days, and the medium and drug were replaced every 2 days. At the end of the treatment period, the medium was removed, and the cells were fixed in 70% ethanol and washed with PBS. Cells were treated with RNAsin and stained with propidium iodide. DNA content at each cell cycle stage was analyzed by flow cytometry. The percentage of cells undergoing apoptosis and in G0/G1 phase was calculated. inhibin-α subunit protein level was not correlated with the methylation status of those cell lines after 5-AzaC treatment. The percentage of positively stained demethylated LNCaP and DU145 cells was lower compared with that of demethylated PC3 cells (20) . Sequential gene expression changed in cancer cell lines after treatment with 5-AzaC and then focused on the genes with expression levels that changed gradually, because the effect of hypomethylation by 5-AzaC would gradually occur. Monitoring of changes in mRNA levels after 5-AzaC treatment enables identification of genes whose expression levels changed gradually (32). 5-AzaC is a DNA demethylating and anti-cancer agent resulting in the induction of genes suppressed via DNA hypermethylation (33) . Some of the genes upregulated by 5-AzaC treatment may be transcriptionally repressed by promoter hypermethylation in gastric cancer (34) . We found a correlation between inhibin-α mRNA and protein levels in human leukemia cells after treatment with 5-AzaC. Also, betaglycan mRNA levels were influenced by 5-AzaC treatment. However, pattern of increases of inhibin-α and betaglycan mRNA showed correlation in gene expression between human lymphoid and myeloid leukemia cells.
Our data show that treatment with 5-AzaC led to a substantial increase in the doubling times of surviving leukemia cells, and an increased proportion of apoptotic cells due to nonspecific suppression of cell growth. 5-AzaC-induced growth inhibition results from the release of methylation silencing of cell cycle regulatory genes, such as p16 (35) . Moreover, 5-AzaC affects the levels of several proteins involved in cell cycle regulation, apoptosis, and survival (36, 37) . Our results suggest that inhibin-α has a critical function in cells. 5-AzaC exerts a cytotoxic effect.
In this study, epigenetically mediated aberrant transcriptional silencing of the inhibin-α gene in human leukemia cells was characterized. The results suggested that this gene likely plays an important role in leukemia tumorigenesis as a putative tumor suppressor. Methylation of the inhibin-α gene promoter was evident in some human leukemia cell lines, but whether this is a cause or consequence of tumorigenesis remains to be determined. Moreover, functional studies of the inhibin-α gene may provide insight into the development of leukemia treatment. Our results suggest that the inhibin-α gene promoter is poised for activation in the cell lines tested and that the effects on transcription are primarily indirect and mediated by activation of transcription factors. Induction of the expression of other genes, either alone or in combination with inhibin-α, may explain the observed growth suppression in human leukemia cells.
